Introduction
============

The innate arm of the immune system is efficiently equipped with a diverse and highly conserved set of receptors known as pattern recognition receptors (PRRs). These receptors are capable of sensing microbial products (pathogen-associated molecular patterns, or PAMPs), as well as nonmicrobial/host products (danger-associated molecular patterns, or DAMPs). This strategy of primary recognition is one of the first lines of defense against bacterial infections, driving a full-blown innate immune response and subsequently promoting and supporting the adaptive arm of immune response.

The innate immune system encounters pathogens at various sites in the body, namely, epithelial barriers of the skin, gastrointestinal tract, respiratory tract, and urogenital tract. A set of innate sentinel cells, such as dendritic cells, Langerhans cells, and macrophages, collectively known as professional antigen-presenting cells, actively patrol the tissues underneath epithelial barriers, acting as the front line of defense. Antigen-presenting cells express a wide range of PRRs both on the cell surface and intracellularly, including Toll-like receptor (TLR) 4, which detects lipopolysaccharide (LPS), a major component of the outer cell membrane of Gram-negative bacteria. Innate detection of PAMPs, eg, LPS, via these PRRs leads to cellular activation. The activated antigen-presenting cells, in turn, produce proinflammatory and antimicrobial mediators and engulf the invading bacteria by phagocytosis, triggering migration of the cells to the neighboring draining lymph nodes. The antigenic contents of the bacteria are processed into peptides and presented on their cell surface in the context of major histocompatibility complex (MHC) molecules. Recognition of the peptide:MHC complex results in activation of naïve antigen-specific T-cells, which become polarized into different T helper cell subsets in the presence of additional signals from the antigen-presenting cells. Here, the adaptive immune response enters the battle. T-cells migrate to the site of infection, produce a range of cytokines and chemokines to recruit additional immune cells, and activate B-cells to undergo affinity maturation in order for them to produce high-affinity antibodies. Together, cellular and humoral adaptive immune responses act in a harmonized fashion to thoroughly eliminate the infectious agent.

LPS-induced inflammatory responses via the TLR4 pathway
=======================================================

The major prototype of innate immune receptors is the family of germline-encoded TLRs.[@b1-itt-4-131] TLRs are expressed on the surface and within the cytosolic compartments of immune cells and, upon sensing their specific ligand, ie, structural motifs from bacteria, fungi, and viruses, can initiate a signaling cascade leading to proinflammatory responses. TLR4 is the most well-characterized member of this family. It was first described as a human homologue of *Drosophila* Toll protein[@b2-itt-4-131] and consists of an extracellular leucine-rich repeat (LRR) domain, a transmembrane domain, and an intracellular Toll/interleukin (IL)-1 receptor (TIR) domain.[@b3-itt-4-131] A few years after its discovery, LPS from Gram-negative bacteria was identified as the major ligand for TLR4, as shown by impaired LPS-induced signaling in mice harboring mutated TLR4 and by hyporesponsiveness of TLR4-deficient mice to bacterial LPS.[@b4-itt-4-131]--[@b6-itt-4-131] Myeloid differentiation factor 2 (MD2), first identified as an LPS-binding molecule in the early 1990s,[@b7-itt-4-131] was shown to confer LPS responsiveness to TLR4 a decade later by Shimazu et al.[@b8-itt-4-131] TLR4 has recently been shown to bind directly to specific high-mobility group box-1 (HMGB1) isoforms to promote TLR4 signaling.[@b9-itt-4-131] CD14 was also identified as a co-receptor, facilitating LPS recognition by TLR4--MD2 complexes and promoting TLR4 endocytosis.[@b10-itt-4-131]--[@b14-itt-4-131] Products of respiratory syncytial virus,[@b15-itt-4-131] some heat shock proteins,[@b16-itt-4-131] β-defensin 2,[@b17-itt-4-131] and hyaluronic acid[@b18-itt-4-131] have also been indicated as other putative ligands capable of eliciting TLR4-mediated responses.

LPS engagement via the TLR4 receptor complex triggers two distinct signaling pathways ([Figure 1](#f1-itt-4-131){ref-type="fig"}). The first of these is dependent on the myeloid differentiation primary response gene 88 (MyD88) protein. The MyD88-dependent pathway involves recruitment of tumor necrosis factor (TNF)-receptor associated factor 6 (TRAF6) and IL-1 receptor-associated kinases (IRAKs), leading to self-ubiquitination and oligomerization of TRAF6. Transforming growth factor beta (TGFβ)-activated kinase 1 binding protein (TAB2) and TAB3 proteins are recruited to the complex, activating TGFβ-activated kinase 1 (TAK1), which, in turn, results in activation of the inhibitor of κB (IκB) complex (IKK), IκBa degradation, and the subsequent activation and nuclear translocation of nuclear transcription factor κB (NF-κB).

The MyD88-independent pathway is mediated by the TIR-domain-containing adapter-inducing interferon-β (TRIF), which can also recruit TRAF6 to activate NF-κB and mitogen-activated protein kinase (MAPK) ([Figure 1](#f1-itt-4-131){ref-type="fig"}). This pathway may also involve TRIF-related adaptor molecule (TRAM). TRIF--TRAM signaling leads to activation of interferon regulatory factor 3 (IRF3) and the induction of type-I interferon (IFN) responses and IFN-inducible genes.[@b19-itt-4-131]--[@b21-itt-4-131] TLR4 has also been reported to utilize other TIR domain-containing adaptor molecules, including TIR domain-containing adaptor protein (TIRAP) and sterile alpha and heat/armadillo motif-containing protein (SARM).[@b22-itt-4-131] Collectively, the activation of these signaling pathways culminates in transcription of proinflammatory genes and a cascade of inflammatory responses that eradicate the microbial insult at the site of inflammation.

Considering the broad role of TLR4 signaling in promoting inflammation, it might be predicted that impaired TLR4 function would result in an imbalance in the immune response in various immunopathological conditions, including infection, autoimmunity, autoinflammation, and cancer. Indeed, polymorphisms in TLR4 genes have been associated with a wide range of inflammatory conditions and susceptibility to various infections. A specific mutation in the TLR4 gene was reported to cause endotoxin hyporesponsiveness in humans,[@b23-itt-4-131],[@b24-itt-4-131] and TLR4 mutations have been implicated in susceptibility to some infections, including meningococcal[@b25-itt-4-131],[@b26-itt-4-131] and respiratory syncytial virus infections.[@b27-itt-4-131]--[@b29-itt-4-131] TLR4 variations have also been associated with noninfectious diseases, such as cancers,[@b30-itt-4-131],[@b31-itt-4-131] autoimmune conditions (eg, systemic lupus erythematosus),[@b32-itt-4-131] ulcerative colitis,[@b33-itt-4-131] auto-inflammatory familial Mediterranean fever,[@b34-itt-4-131] and cardiac diseases.[@b35-itt-4-131],[@b36-itt-4-131]

The canonical inflammasome acts downstream of TLR4 signaling
============================================================

TLR4/LPS engagement leads to activation of NF-κB and transcription of a set of proinflammatory mediators, including cytokines (eg, TNFα, IL-6, IL-1β, and IL-18), chemokines, and others (eg, prostaglandins). IL-1β, IL-1α, and IL-18 are all members of the IL-1 family and are produced as pro-form proteins. IL-1β and IL-18 are biologically inactive and must be cleaved and catalyzed into their bioactive forms by the enzyme caspase-1. This catalytic event takes place in a high-molecular-weight multi-protein complex known as the inflammasome, which was first described by Martinon et al.[@b37-itt-4-131] The NOD-like receptor pyrin-domain containing 3 (NLRP3) inflammasome is the most extensively characterized member of the inflammasome family and consists of NLRP3, a cytosolic sensor from the NOD-like receptor (NLR) family, the apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC) adaptor molecule, and activated caspase-1. This pathway represents the canonical inflammasome activation, which requires two signals to be functional ([Figure 2](#f2-itt-4-131){ref-type="fig"}). The first signal is provided by TLR-ligand engagement, which primes the cells and results in transcription of certain components of the inflammasome, including NLRP3, and transcription and translation of pro-IL-1β and pro-IL-18. The second signal, which results in the activation of caspase-1 and catalytic processing of pro-IL-1β and pro-IL-18 into their mature forms, is provided by danger/stress signals through mechanisms that have yet to be fully understood (reviewed in Schroder and Tschopp,[@b38-itt-4-131] Zambetti et al,[@b39-itt-4-131] Latz et al,[@b40-itt-4-131] and von Moltke et al[@b41-itt-4-131]). In contrast to IL-1β and pro-IL-18, pro-IL-1α is constitutively active in resting non-hematopoietic cells, and although it is still cleaved to its mature form, pro-IL-1 α does not have a caspase-cleavage site.[@b42-itt-4-131] Pan-caspase inhibitors do not affect IL-1α processing, and evidence suggests that pro-IL-1α is instead cleaved via Ca^2+^- dependent calpain-like proteases. However, the secretion of this cytokine does seem to be dependent on caspase-1 following canonical inflammasome activation.[@b42-itt-4-131]--[@b44-itt-4-131] Although IL-1α release appears to be a product of conventional inflammasome machinery, this cytokine has been shown to be induced through inflammasome-independent mechanisms as well. Freigang et al have recently reported that fatty acids selectively induce IL-1α (but not IL-1β) production by uncoupling mitochondrial respiration. IL-1α release, triggered by cholesterol crystals, is assumed to be the major culprit in atherosclerosis and vascular damage.[@b45-itt-4-131] IL-1α also harbors a nuclear localization sequence which prompts it to be translocated into the nucleus and act as a transcription factor.[@b46-itt-4-131] Collectively, various reports suggest that IL-1α does not always fit in as a typical product of canonical inflammasome activation.

Evidence for TLR4-independent inflammasome activation by LPS
============================================================

Since the discovery of the TLR4 and caspase-1-mediated pathway described above, it was assumed that LPS detection and the resulting immune response, including the well-described production and release of IL-1β, IL-18, and other cytokines, were solely mediated through TLR4 signaling.[@b47-itt-4-131] Multiple studies showed that TLR4-deficient mice were more susceptible to bacterial disease than those with functional TLR4.[@b48-itt-4-131],[@b49-itt-4-131] However, evidence began to emerge suggesting that the mechanism behind LPS detection and the regulation of the immune response to pathogens was more complex than at first understood, and that it was highly dependent on the model of infection and bacterial dose.

The first piece of evidence was a report that showed LPS activation was not completely abrogated in TLR4-deficient mice. Indeed, all of the classic transcriptional processes usually instigated by stimulation with LPS were abolished in this model, including the increased expression of proinflammatory cytokines as described above.[@b50-itt-4-131],[@b51-itt-4-131] However, LPS-stimulated cells from these mice were not defective in nontranscriptional processes, such as phagocytosis, autophagy, and pyroptosis, suggesting an alternative signaling pathway could be instigated following the detection of LPS.[@b52-itt-4-131]--[@b55-itt-4-131] It has been proposed that this alternative pathway is triggered by LPS-containing stimuli from Gram-negative bacteria, which have evaded detection by TLR4 and gained entry into the cytoplasm, possibly by modifying their structure or environment.[@b56-itt-4-131],[@b57-itt-4-131]

This breach of the classical immune defense response requires an alternative pathway for detection of the bacteria and activation of the NLRP3 inflammasome. This is referred to as the non-canonical inflammasome pathway and is mediated by murine caspase-11, or its putative human orthologs caspase-4 and caspase-5.[@b58-itt-4-131]

The role of caspase-11 in the non-canonical inflammasome pathway
================================================================

Murine proinflammatory caspase-11 has been shown to have vital roles in the clearance of bacterial infection, including triggering a type of inflammasome-dependent cell death, known as pyroptosis. Unlike caspase-1, which is constitutively expressed, expression of the precursor pro-caspase-11 in macrophages requires an initial inflammatory stimulus provided by TLR agonists, eg, LPS.[@b59-itt-4-131]

The role of caspase-11 in the activation of the non-canonical pathway first came to light when it was discovered that the conventional caspase-1 knockout model, used to report many of the mechanisms in the inflammasome pathway, was also Casp11-deficient. The loci of *Casp1* and *Casp11* are in close proximity to each other within the genome, which can result in genes not segregating during recombination, producing a double mutant. This led to differences in the phenotype of inflammasome that was activated by different types of stimuli being masked.[@b60-itt-4-131],[@b61-itt-4-131] This finding not only caused the reevaluation of previous results gathered from the knockout model, but it also enabled true single Casp11- and Casp1-deficient models to be produced. It was reported that similar levels of IL-1β and IL-18 were released in both Casp1- and Casp11-deficient models compared to wild type, when stimulated with ATP, monosodium urate crystals, and nigericin (these became known as classic canonical stimuli). However, when non-canonical stimuli, such as *Escherichia coli* and LPS/cholera toxin B (CTB) were used instead, caspase-1 could not be processed in macrophages from Casp11-deficient models, and both IL-1β and IL-18 release was abrogated, demonstrating that all components of the NLRP3 inflammasome were still required.[@b58-itt-4-131] Although this demonstrated a clear role for caspase-11 in the release of IL-1β, a further study indicated that direct cleavage of IL-1β by caspase-11 was unlikely, due to the differing crystal structures of caspase-1 and caspase-11.[@b59-itt-4-131] Instead, it was suggested that the two caspases work together closely to coordinate the release of IL-1β and IL-18, in order to drive a maximal inflammatory response. A recent study shows this proposal with evidence that caspase-11 can activate caspase-1, possibly through activation of the inflammasome, although the precise mechanism is yet to be confirmed.[@b58-itt-4-131] Other inflammatory roles of caspase-11 have also been elucidated, including inflammasome-independent pyroptosis[@b58-itt-4-131],[@b62-itt-4-131],[@b63-itt-4-131] and release of HMGB1 and IL-1α.[@b58-itt-4-131],[@b64-itt-4-131] In contrast to IL-1β, IL-1α does not require caspase-1 for secretion both in humans and mice in response to non-canonical stimuli. This finding led to the question of how these caspase-11-dependent mechanisms result in IL-1α and HMGB1 release, and pyroptosis. Caspase-4 and caspase-5 have also been shown to share many of the roles of caspase-11; however, there is currently limited evidence confirming this.[@b65-itt-4-131],[@b66-itt-4-131]

Caspase-11 detects cytosolic LPS
================================

The identification of the non-canonical inflammasome pathway led to further investigation into how some bacteria activate caspase-11. Several pathogens, including *Salmonella enterica* serovar *Typhimurium* and *Legionella pneumophila*, are capable of evading the canonical caspase-1 activation pathway, and can cause rapid caspase-11-dependent cell death (\<4 hours) in macrophages. These pathogens enter the cytosol of host cells, using type III and type IV secretion systems (T3SS and T4SS), respectively, and activate the non-canonical inflammasome.[@b64-itt-4-131],[@b67-itt-4-131] Therefore, it was hypothesized that caspase-11 acts as a sensor of intracellular LPS ([Figure 2](#f2-itt-4-131){ref-type="fig"}). Recently, two research groups independently found evidence to support this hypothesis, demonstrating that direct transfection of LPS into the intracellular compartments of the cell activates the non-canonical inflammasome pathway.[@b56-itt-4-131],[@b57-itt-4-131] It was confirmed that only Gram-negative bacteria triggered the non-canonical inflammasome, resulting in pyroptosis of the cell, IL-1β secretion, and caspase-1 processing.[@b56-itt-4-131],[@b57-itt-4-131] Both studies also indicated that where previous reports had reported that CTB activated the caspase-11 inflammasome, this was in fact due to LPS that was bound to the CTB during those experiments. Therefore, it was suggested that CTB could act as a transporter of LPS into the cytosol. When only CTB was present, it failed to trigger the non-canonical pathway, and only caused activation when bound to LPS from *E. coli* serotype O111:B4, and not any other LPS O serotypes. Both Hagar et al and Kayagaki et al found that the lipid A moiety of LPS was also able to activate caspase-11.[@b56-itt-4-131],[@b57-itt-4-131] The evasion of TLR4 detection by modifications to lipid A has previously been described. Indeed, the authors showed that pathogens, including *Helicobacter pylori*, *Yersinia pestis*, and *Francisella novicida*, could evade activation of the non-canonical pathway through deacylation of lipid A.[@b56-itt-4-131],[@b57-itt-4-131] These groundbreaking studies led to the hypothesis that TLR4 signaling is only required for the detection of extracellular and vacuolar LPS, and for upregulation of transcription of pro-caspase-11, although this latter role can be shared by signaling through other TLRs. Conversely, when LPS is in abundance or has managed to enter the cytosol through other processes, which could include lysis of LPS-containing vacuoles, it is detected by alternative sensors within the cell, and activates a caspase-11-dependent inflammasome pathway. This prevents the immune system from being compromised when bacteria manage to bypass the first line of defense through evasion of TLR4.[@b56-itt-4-131],[@b57-itt-4-131],[@b63-itt-4-131]

Proposed model of caspase-11 activation
=======================================

As described earlier, evidence gained from experimental transfection of LPS directly into the cytosol has revealed details of the mechanisms involved in activation of caspase-11. However, many of the processes involved in caspase-11 activation in response to bacterial infection are still to be elucidated, and the question remains, what causes LPS to become internalized to the cytosol, activating the non-canonical inflammasome pathway? Currently, the majority of evidence suggests that internalization is mediated by type-I IFNs and IFN-inducible GTPases, as described below.

Two studies independently showed that, following detection of bacterial infection, endogenous type-I IFNs were necessary for caspase-11 activation and caspase-11-mediated cell death.[@b67-itt-4-131],[@b68-itt-4-131] However, a recent study demonstrated that when LPS was directly transfected into the cytosol, upregulation of pro-caspase-11 expression and caspase-11 activation was independent of type-I IFNs.[@b64-itt-4-131],[@b69-itt-4-131] Therefore, it was deduced that IFN-stimulated genes (ISGs) were required for cytosolic recognition of LPS. Supporting the involvement of IFNs in the activation of the non-canonical pathway, a recent study suggested that the small IFN-inducible GTPases, the guanylate-binding proteins (GBPs), are vital for caspase-11 activation in response to intracellular bacteria.[@b69-itt-4-131] Bone marrow-derived macrophages from mice deficient in GBPs on chromosome 3 (GBP1, 2, 3, 5, and 7) were infected with Gram-negative vacuolar-contained bacteria that activate the non-canonical pathway, including wild-type *S. Typhimurium*. These GBP-deficient models showed significantly reduced cell death and secretion of IL-1β and IL-18, compared to wild-type mice, independent of LPS priming.[@b69-itt-4-131] This was also shown using *L. pneumophila*, where the GBP-deficient macrophages additionally showed reduced caspase-11-dependent pyroptosis.[@b70-itt-4-131]

Although evidence is building demonstrating the requirement of GBPs in the internalization of Gram-negative bacteria, the mechanism that these GBPs employ to ensure detection of cytosolic pathogens and activate the non-canonical pathway has not yet been confirmed. It has been reported that GBPs can lyse pathogen-containing vacuoles, releasing pathogens into the cytosol, as shown in [Figure 2](#f2-itt-4-131){ref-type="fig"}.[@b69-itt-4-131],[@b71-itt-4-131] Meunier et al indicated that this process allows the recognition of intracellular *S. Typhimurium*, an essential host defense process for caspase-11 activation of the non-canonical inflammasome.[@b69-itt-4-131] A similar mechanism is employed by GBPs mediating host defense to *Toxoplasma gondii*. GBPs induce lysis, blebbing, and destabilization of the membrane surrounding the parasite, rupturing the vacuole and releasing the parasite into the cytosol where it quickly deteriorates.[@b72-itt-4-131] However, it remains to be seen if this defense strategy is induced by all types of bacterial infection, as no vacuolar disruption was observed by Pilla et al using *L. pneumophila*.[@b70-itt-4-131] In this study, the authors suggest that GBPs could instead play a scaffolding role in the oligomerization of caspase-11, heightening the response of caspase-11 following sensing of LPS in the cytosol.[@b70-itt-4-131]

The importance of GBPs in activating the non-canonical pathway is only just starting to be unraveled. Further clarification is required regarding the particular GBPs involved, the mechanisms of action employed in the presence of different strains of bacteria, and how these different mechanisms of resistance might have evolved to maintain host defense.

Caspase-11 sensing of LPS
=========================

Although the above studies elucidated that caspase-11 and the non-canonical inflammasome are activated in response to cytosolic LPS, the mechanism of detection was unknown until recently. Previous studies hypothesized that an unidentified sensor was able to detect cytosolic LPS and activate caspase-11 in response.[@b56-itt-4-131],[@b57-itt-4-131] However, a recent report has suggested that it is the caspases themselves that directly sense and bind to the LPS.[@b73-itt-4-131] Using electroporation of LPS into human monocytic cell lines and immortalized mouse bone marrow-derived macrophages, expressing caspase-4 and caspase-11, respectively, Shi et al demonstrated that pyroptosis occurred and was dependent on caspase-4/11.[@b73-itt-4-131] However, when the experiment was repeated using muramyl dipeptide (MDP), a peptidoglycan constituent of both Gram-positive and Gram-negative bacteria, no cell death was induced. The pyroptosis resembled caspase-1-dependent pyroptosis, so the authors used clustered regularly interspaced short palindromic repeats (CRISPR) technology to make a Casp1-deficient model, yet cell death still occurred in these cells. Further investigations prompted siRNA knockdown of caspase-4/11 expression, which caused abrogation of LPS-induced pyroptosis and highlighted the role of caspase-4/11 in the immune response to cytoplasmic LPS. Confirming their findings, recombinant caspase-4/11 appeared as oligomers when purified from *E. coli* (containing LPS), but only appeared as monomers when purified from insect cells where LPS levels were threefold lower. Additionally, oligomerization of these monomers could be induced when LPS was added. This suggested that direct binding between LPS and caspase-4/11 was taking place. The group went a step further, showing that caspase-4/11 mutants that lacked the caspase-activation and recruitment domain (CARD) did not bind to LPS and oligomerization did not take place. It was also demonstrated that caspase-5 had a similar role in detecting cytoplasmic LPS, by directly binding to LPS.[@b73-itt-4-131] This has advanced the field of inflammasome and caspase-4/5/11 research considerably; however, it still remains to be determined how caspase-4/5/11 CARD domains, but not CARD domains of other proteins, are able to directly sense LPS.[@b73-itt-4-131]

Additional roles of caspase-11
==============================

Besides the well-described roles of caspase-11 in cell death and cytokine maturation that have become synonymous with the non-canonical pathway, there are reports of caspase-11 mediating several other host immune defenses.

Although the release of bacteria into the cytosol seems to instigate the caspase-11-dependent non-canonical inflammasome pathway as described above, the lysis of phagosomes also seems to be part of a positive feedback loop that ensures maximum detection of pathogens. There is evidence to suggest that caspase-11 itself causes the release of bacteria from vacuoles into the cytosol, aiding pathogen detection and limiting pathogen growth, by modulating actin polymerization and, therefore, fusion of bacteria-containing vacuoles with lysosomes.[@b74-itt-4-131] Caspase-11 appears to regulate cofilin phosphorylation, a crucial event for the process of actin remodeling.[@b75-itt-4-131] Interestingly, when nonpathogenic material is contained within the vacuoles, this process does not occur, which gives rise to the question of how caspase-11 discriminates between self and non-self membranes. However, to date, this mechanism has only been reported to occur in *L. pneumophila* infection.[@b74-itt-4-131] Consequently, it seems highly probable that GBPs are required to ensure pathogens are released into the cytosol for detection by caspase-11 in order to induce a maximal immune response.

Role of caspase-11 in vivo
==========================

As with many host defense mechanisms, in certain situations the immune response in vivo can be more detrimental than beneficial. Caspase-11 is no exception. In a mouse model of sepsis, in which the components of the non-canonical pathway (apart from caspase-1) were absent, the mice were protected against a lethal dose of LPS, as there was no caspase-11-mediated cell death.[@b58-itt-4-131] A further study also showed that hyperactivation of caspase-11, caused by high concentrations of LPS during endotoxemia, was hugely damaging to the host.[@b56-itt-4-131] This has major implications in clinical sepsis, where multiple inflammatory cascades may become hyperactivated and result in significant tissue damage, causing great detriment to the patient.

An additional study also described a symbiotic relationship between caspase-1 and caspase-11, in which they balance the effects of each other, as demonstrated by caspase-11 significantly increasing host susceptibility to *S. Typhimurium* in the absence of caspase-1.[@b62-itt-4-131]

The role of the canonical NLRP3 and NLRC4 inflammasomes in intestinal inflammation and the development of inflammatory bowel disease (IBD) pathogenesis has been well documented.[@b76-itt-4-131] Therefore, several groups have explored the possibility that the non-canonical inflammasome could be similarly involved. Caspase-11 is constitutively expressed at low levels in the colonic mucosa, probably to avoid continuous triggering by the presence of the intestinal microflora, but levels were significantly increased during intestinal inflammation.[@b77-itt-4-131],[@b78-itt-4-131] In an acute colitis model induced by dextran sodium sulfate (DSS) (2% w/v), Casp11-deficient mice were more susceptible to inflammation (higher weight loss and colon shortening, increased diarrhea and rectal bleeding) as a result of higher colonic tissue damage and epithelial barrier permeability.[@b77-itt-4-131]--[@b79-itt-4-131] A higher DSS dose (4% w/v) induced lethality of Casp11-deficient mice.[@b78-itt-4-131],[@b79-itt-4-131] Mucosal damage was associated with massive inflammatory infiltrates in the lamina propria of Casp11-deficient colons after DSS-induced colitis,[@b77-itt-4-131]--[@b79-itt-4-131] which seemed to correlate with increased colonic expression of CCL5.[@b78-itt-4-131] Adoptive bone marrow transplants indicated that the protective role of caspase-11 was associated with both epithelial cells and hematopoietic cells infiltrating the lamina propria.[@b79-itt-4-131]

IL-1β and IL-18 are important regulators of colonic inflammation, acting on epithelial cells to promote tissue repair. Therefore, the involvement of caspase-11 in secretion of these cytokines during DSS-induced colitis has been explored, although with contradicting results. Williams et al[@b79-itt-4-131] reported that both IL-1β and IL-18 levels were attenuated in colonic homogenates from DSS-treated Casp11-deficient mice, while Oficjalska et al[@b77-itt-4-131] reported a reduction in IL-18 only. Administration of recombinant IL-18 ameliorated disease pathogenesis in DSS-treated Casp11-deficient mice.[@b77-itt-4-131],[@b79-itt-4-131] Contradictive results were reported by Demon et al, who reported that neither IL-1β nor IL-18 was reduced in colon homogenates from Casp11-deficient mice.[@b78-itt-4-131] Demon et al have also shown that IL-1β was largely dependent on caspase-1 and not caspase-11.[@b78-itt-4-131] These discrepancies could be due to different microbiota composition among mouse facilities or the source of sample used for cytokine measurement (ie, colon homogenates versus organ culture supernatants). The role of IL-1β/IL-18 activated via both the canonical and non-canonical inflammasome pathways during acute intestinal inflammation continues to be debated. Further studies with alternative physiologically relevant models that resemble human IBD more closely will certainly help to clarify these issues.

Caspase-11-mediated protection of acute intestinal inflammation has not been confirmed in mouse models of colitis-associated cancer induced by azoxymethane/DSS treatments. Indeed, the same levels of morbidity or mortality were observed in Casp11-deficient mice and wild-type controls (similar number and size of polyps, and similar levels of hyperplasia and dysplasia).[@b79-itt-4-131] Correspondingly, concentrations of IL-18 in the colons of Casp11-deficient mice and wild-type mice were comparable in the context of tumorigenesis.[@b79-itt-4-131]

The role of the non-canonical inflammasome in gut inflammation in response to enteric bacteria has also been investigated recently.[@b80-itt-4-131] The authors showed that murine caspase-11 regulated the release of IL-18 (both the precursor and activated form) from cecal explants following intestinal *S. Typhimurium* infection, whereas it was dispensable for IL-1β, which required NLRP3, ASC, and caspase-1.[@b80-itt-4-131] Moreover, caspase-11 also contributed to reduce bacterial burden in the intestine. Likewise, the human ortholog, caspase-4, regulated IL-18 release and limited bacterial growth in human epithelial cells. Additionally, caspase-4 was shown to increase the sensitivity of human cells to endotoxins, while its absence gave protection against endotoxins.[@b81-itt-4-131] Further studies are needed to precisely define the role of caspase-4/5/11 in inflammation and to establish the type of cells (ie, myeloid or epithelial origin) in which it functions.

Future perspectives
===================

Excellent progress has been made recently toward understanding the processes involved in activation of the caspase-11-dependent non-canonical pathway. However, many questions still remain to fully understand the complex mechanisms involved. Although roles have been identified for many of the components known to be involved in this pathway, it is possible that certain components may have multiple functions, as observed for GBPs. In addition, many parallels have been described between caspase-11 and its human orthologs, caspase-4 and caspase-5, but the exact effector functions of the human caspases remain poorly understood.

Given the strong evidence linking the caspase-11-dependent non-canonical pathway with sepsis and intestinal inflammation, translation of the knowledge gained through studying the role of caspase-11 in inflammation will help to identify molecular targets for clinical therapies for inflammatory conditions, including endotoxemia and IBD.
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![Schematic view of the TLR4 signaling pathway.\
**Notes:** Upon binding of lipopolysaccharide (LPS) to the TLR4 complex (TLR4--LBP--CD14--MD2), TLR4 signals through MyD88-dependent and/or MyD88-independent pathways. The MyD88-dependent pathway is triggered by MyD88 recruitment of TRAF6 and IRAKs, which, in turn, results in activation of TAK1. TAK1 phosphorylates IKKβ, leading to IκBa and activation of NF-κB. NF-κB translocates to the nucleus to promote the transcription of proinflammatory genes (such as IL-1α/β, IL-18, IL-6, and TNFα). The MyD88-independent pathway relies on TRIF recruitment of RIP1 or TRAF3. TRAF3 activates IRF3 through TBK1, inducing transcription of type I interferons (IFNs) and IFN-inducible genes.\
**Abbreviations:** TLR4, Toll-like receptor 4; MD2, Myeloid differentiation factor 2; TIRAP, TIR domain-containing adaptor protein; TRAM, TRIF-related adaptor molecule; MyD88, myeloid differentiation primary response gene 88; TRIF, TIR-domain-containing adapter-inducing interferon-β; TNFα, tumor necrosis factor α; TRAF6, TNF-receptor associated factor 6; IRAKs, IL-1 receptor-associated kinases; TGFβ, Transforming growth factor beta; TAK1, TGFβ-activated kinase; IRF3, interferon regulatory factor 3; IL, interleukin; LBP, lipopolysaccharide binding protein; RIP1, receptor-interacting protein 1; IKKε, I-kappa-B kinase epsilon; IFN, interferon.](itt-4-131Fig1){#f1-itt-4-131}

![Canonical and noncanonical pathways of inflammasome activation.\
**Notes:** (**A**) Canonical inflammasome activation (canonical pathway). (i) Lipopolysaccharide (LPS) is detected by TLR4, (ii) initiating the NF-κB signaling pathway. (iii) This upregulates transcription of the inactive precursor pro-IL-1β, pro-IL-18, and pro-caspase-11. (iv) A second inflammatory signal (eg, a pathogen- \[PAMP\] or danger-associated molecular pattern \[DAMP\] is detected, (v) triggering the formation of the molecular complex -- the inflammasome. (vi) This initiates cleavage and activation of pro-caspase-1, pro-IL-1β, and pro-IL-18, (vii) allowing secretion of IL-1β and IL-18 from the cell. (**B**) Non-canonical inflammasome activation (non-canonical pathway). (i) When LPS is present in abundance or is contained within vacuoles, it is able to enter the intracellular environment independent of TLR4. (ii) GBPs promote vacuolar lysis, causing entry of LPS into the cytosol of the cell. (iii) Pro-caspase-11 detects cytosolic LPS, (iv) initiating the formation of the inflammasome, as well as (v) pyroptosis of the cell. (vi) Formation of the NLRP3 inflammasome also leads to the release of cytokines by similar mechanisms to the canonical pathway.\
**Abbreviations:** ASC, apoptosis-associated speck-like protein containing a caspase-recruitment domain; NLRP3, The NOD-like receptor pyrin-domain containing 3; TLR4, Toll-like receptor 4; IL, interleukin; GBPs, guanylate-binding proteins.](itt-4-131Fig2){#f2-itt-4-131}
